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The type I IFN (IFN-I) 3 family which includes multiple IFN-␣ isoforms and a single IFN-␤, plays a pivotal role in antimicrobial and antitumor defense, and IFN-I cytokines are potent regulators of innate and adaptive immunity (reviewed in Refs. 1-3). All IFN-I family members bind to a common heterodimeric cell surface receptor, termed IFNAR, that triggers the Janus kinase (JAK)-mediated phosphorylation of tyrosine on signal transducer and activator of transcription 1 (STAT1) and STAT2 (4, 5) . Phosphorylated STAT1 and STAT2 combine with interferon regulatory factor 9 (IRF9) to form a heterotrimeric transcription complex, termed the interferon-stimulated gene factor 3 (ISGF3). The ISGF3 binds to the interferon-stimulated response element (ISRE) in the promoters of interferon-regulated genes (IRGs) to modulate transcriptional activity. In this complex, STAT1 and IRF9 are required for sequence-specific recognition and stable binding with DNA, whereas STAT2 provides transcriptional modulation but is unable to interact with DNA directly (6) .
Whereas IFN-I mediate many biological actions through the canonical ISGF3 pathway, the existence of various non-canonical IFN-I signaling pathways has been described (reviewed in Refs. 7 and 8) . Studies using mice with targeted disruption of the IFNAR or the genes for the canonical signal transduction molecules STAT1 (9, 10) and STAT2 (11) have provided important insights into the physiological role of non-canonical IFN-I signaling pathways. STAT1 deficiency renders mice highly susceptible to infections with viruses (9, 10) . However, STAT1-deficient mice are more resistant than IFNAR-deficient mice to infection with many different viruses, demonstrating that IFN-I can mediate some antiviral responses despite the absence of STAT1 (12) (13) (14) . In contrast to WT mice that survive and clear LCMV infection, STAT1-deficient mice succumb to a lethal, IFN-I-dependent disease (15, 16) . Interestingly, IFN-I also retain the ability to suppress the growth of Legionella pneumophila in macrophages from STAT1 and STAT2 KO mice (17) but not STAT1-STAT2 double KO mice (18) . Evidence has emerged that these IFN-I-driven, STAT1-independent host antiviral responses involve, in large part, non-canonical signaling via STAT2 and IRF9 (14, 15) . Further support for such a mechanism comes from a number of in vitro studies demonstrating that in response to IFN-I, STAT2 and IRF9 can form transcriptionally active complexes that modulate IRGs and can mediate antiviral and antibacterial responses (14, 18 -20) .
More direct and dramatic demonstration of the impact of non-canonical signaling in mediating IFN-I actions comes from the study of transgenic mice with CNS-targeted production of IFN-␣ (termed GFAP-IFN␣ mice). GFAP-IFN␣ mice with low levels of transgene-encoded IFN-␣ develop a mild progressive inflammatory encephalopathy from 8 -12 months of age (21, 22) . Unexpectedly, markedly more severe disease leading to early death occurs in these animals in the absence of STAT1 (23) , STAT2 (24) , or IRF9 (25) . However, the nature of the neurological disease that afflicts the GFAP-IFN␣ mice deficient for these factors differs in the case of each factor. For example, in the absence of STAT1, GFAP-IFN␣ mice develop a severe inflammatory encephalopathy with characteristic calcification of the basal ganglia, whereas in the absence of STAT2, these mice develop medulloblastoma. These observations suggest the existence of diverse non-canonical signaling pathways that can mediate adverse actions of IFN-I in the brain, depending on which canonical factor is absent (26) .
The complex milieu of the inflamed CNS does not allow easy differentiation between primary and secondary responses and effects due to CNS resident cells versus infiltrating leukocytes (where present). Transcriptional profiling of cultured murine neurons revealed that these cells do not respond to IFN-I in the absence of STAT1 (27) and therefore are unlikely to be direct targets of IFN-I action in GFAP-IFN␣ mice that lack STAT1. In contrast, primary murine mixed glial cell cultures (MGCs) that consist primarily of astrocytes with a low number of microglia can signal independently of either STAT1 or IRF9 in response to IFN-␣ (28) , suggesting that these cells represent potential effector cells of IFN-I actions in ISGF3-independent signaling. However, it remains largely unknown to what extent non-canonical, ISGF3-indpendent signaling pathways mediate the functional effects of IFN-I. As a means to addressing this issue, the objective of this study was to investigate the genome-wide transcriptional regulation and signal transduction pathway dynamics in MGCs in response to IFN-␣ in the presence or absence of each of the ISGF3 canonical signaling molecules STAT1, STAT2, or IRF9.
Results

Untreated MGCs deficient in STAT1, STAT2, or IRF9 have altered expression of a subset of genes-Primary
MGCs from WT and STAT1-, STAT2-, or IRF9-deficient mice cultured for one passage showed no overt morphological differences and had comparable growth rates and percentage of microglia (data not shown). Initially, we determined whether the absence of STAT1, STAT2, or IRF9 altered the expression of genes in untreated MGCs. Compared with WT MGCs, the expression of 28 genes was decreased and that of 24 genes was increased in cultures deficient for one of the ISGF3 components (Fig. 1) . Of the 28 genes with decreased expression, 12 (Ifi27, Usp18, Rtp4, Ifit1, Oasl2, Rsad2, Isg15, Lgals3bp, Brd4, Trim30, D12Ertd647e, and Xaf1) were expressed at significantly lower levels in the STAT1-, STAT2-, and IRF9-deficient MGCs, whereas the majority of the remaining genes that had decreased expression were observed in the IRF9-deficient MGCs ( Fig. 1 and Table 1 ). Of the 24 genes that showed higher basal expression in the absence of STAT1, STAT2, or IRF9, none were increased in all three signaling-deficient cells, and the majority (14) were increased in the STAT1-deficient MGCs and included Mela, Shisa3, LOC433762, Rhd1, Timp1, Efcab7, Pik3r1, Cd59a, Vcam1, Fst, Crispld2, Nudt6, and two ESTs (Fig.  1 and Table 2 ).
Interestingly, among the 28 genes with decreased basal expression and 24 genes with increased basal expression in the signaling-deficient cells, 21 of these (Iigp2, Usp18, Gbp3, Rtp4, Trim25, Rsad2, Bst2, Ifi27, Isg15, Fst, Xaf1, Lgal3bp, Stat1, and Ifit1 and Wdfy1, Spp1, C1r, Ifitm1, Pik3rl, Cd59a, and Vcam1 with decreased and increased expression, respectively) were recognized as IRGs as determined by INTERFEROME (29) . In addition, DAVID bioinformatics analysis classified 17 of these 52 genes into three functional biological groups: 1) antiviral response (genes with decreased expression in the IFN-I deficient cells (Isg15, Ifi27, Ifit1, Ifit3, Oasl2, Rsad2, and Trim25) and genes with increased expression in IFN-I signaling-deficient cells (Lcn2 and Ifitm1)), 2) proteolysis (genes with decreased expression in the IFN-I signaling-deficient cells (Isg15, Usp18, Rnf41, and Mid1) and genes with increased expression in IFN-I signaling-deficient cells (Ctse, Mela, and C1r), and 3) retroviral envelope polyprotein (genes with increased expression in STAT1-deficient cells (Mela, LOC433762, and murine leukemia virus isolate 10 envelope protein mRNA). Overall, these findings showed that all three canonical IFN-I signaling molecules regulate the constitutive expression of a subset of genes that are involved in the antiviral response, proteolysis, and retroviral envelope polyprotein production.
Differential requirement for STAT1, STAT2, or IRF9 in the response of MGCs to IFN-␣-To examine the requirement for STAT1, STAT2, or IRF9 in IRG expression, WT and STAT1-, STAT2-, and IRF9-deficient MGCs were treated with IFN-␣ for 4 or 12 h. Treatment of WT MGCs with IFN-␣ for 4 h signifi-FIGURE 1. The distribution of genes with altered expression in untreated MGCs that were deficient for STAT1, STAT2, or IRF9 compared with WT cells. MGCs were prepared from neonatal mouse brain and cultured as described under "Experimental Procedures." RNA was isolated, processed, and interrogated with Affymetrix Mouse Genome 430 version 2.0 arrays, and data analysis was performed as described under "Experimental Procedures." Venn diagrams were created for the comparison of genes whose expression was decreased (A) or increased (B) in untreated MGCs from STAT1, STAT2, or IRF9 KO mice in contrast to WT cells. The numbers in the brackets represent the total number of genes whose expression was decreased (A) or increased (B) at least 2-fold in IFN-I signaling-deficient cells when compared with WT cells from two independent experimental array sets.
cantly increased the expression of 268 genes ( Fig. 2A) . In comparison, the response to IFN-␣ was severely blunted with significantly fewer genes up-regulated in the absence of STAT1 (17 genes), STAT2 (8 genes), or IRF9 (38 genes). All of the genes up-regulated in the STAT1-and STAT2-deficient cells as well as 28 genes in the IRF9 KO MGCs were also increased in WT MGCs. Interestingly, the expression of 10 genes was increased in IRF9 KO MGCs only (see below for details). In WT MGCs after 12 h of treatment, the number of ISGs decreased to 137 (Fig. 2B) , of which 123 were also increased at 4 h of treatment, whereas 14 ISGs were present at 12 h of treatment only (Fig.  2D) . In contrast to WT MGCs, the number of ISGs after 12 h of IFN-␣ treatment increased in STAT1-deficient (33 genes), STAT2-deficient (21 genes), or IRF9-deficient (113 genes) MGCs. Of these genes, all in the STAT1 KO cells, 20 in the STAT2 KO cells, and 66 in the IRF9 KO cells were also up-regulated in WT MGCs (Fig. 2B) . The expression of one gene was increased in both STAT2 KO and IRF9 KO MGCs, whereas the expression of 47 genes was increased in IRF9 KO MGCs only (Fig. 2B) . Notably, in all three IFN-I signaling factor-deficient MGCs, there was a delayed response to IFN-␣ with increased expression of the majority of genes occurring after 12 h of treatment (Fig. 2, E-G) . In summary, these results indicated that although considerably reduced compared with WT, IFN-␣ can mediate the increased expression of a number of genes with either prolonged or delayed kinetics in MGCs via ISGF3-independent signaling pathways. Finally, the number of ISGs was significantly less in STAT1 KO and STAT2 KO MGCs than in IRF9 KO MGCs, suggesting that the regulation of ISGF3-independent genes in response to IFN-␣ is mainly To better understand the regulation of the ISGs in the context of dependence on STAT1, STAT2, or IRF9, we combined both time points, as shown in Fig. 2C . Of the 283 ISGs in WT, 50 ISGs were found to be shared with STAT1-, STAT2-, and IRF9-deficient MGCs, whereas 45 ISGs were common to IRF9-deficient MGCs, indicating that ISGF3 and non-ISGF3 IFN-I signaling pathways regulate a substantial number (i.e. 95) of the same target genes. Of these 95 genes, the expression of only 9 genes was increased in WT and in all three IFN-I signalingdeficient MGCs. This small subset of genes were classified as STAT1-, STAT2-, and IRF9-independent ISGs and indicated that there is only minor involvement of other signaling factors, such as STAT3 and ERK1/2, in IRG expression in MGCs. The expression of the remaining 86 ISGs required at least one of the remaining ISGF3 factors. More than 30% of ISGs regulated in WT MGCs were also found to be regulated in at least one of the IFN-I signaling factor-deficient MGCs, demonstrating the ISGF3-independent regulation of these genes by IFN-␣ in these cells (Fig. 3) . It should be noted that the expression level of these 95 genes was higher in WT MGCs than in the signaling factordeficient MGCs, showing that the optimal expression of these genes is dependent on ISGF3.
We next analyzed the IFN-␣-regulated genes with decreased expression in the MGCs (Fig. 4) . In WT MGCs, treatment with IFN-␣ for 4 and 12 h caused decreased expression of 12 genes (C5ar1, Gls, Hpgd, Iqub, Sesn1, Gprin2, Ablim1, Fbxo16, Dbndd1, Klhl24, and two ESTs) and two genes (Gls and one EST), respectively, with Gls being down-regulated at both time points (Fig. 4, A and B) . Interestingly, no genes showed decreased expression in IFN-␣-treated STAT1 KO MGCs at either treatment time. In STAT2 KO MGCs, the expression of eight genes (Arhgap5, Lpar4, Copg2as2, Tmed5, Atrx, Ccdc88a, Smc4, and Casp8ap2) was down-regulated at 4 h, but no genes were decreased in expression at 12 h. In IRF9 KO MGCs, the expression of five genes (Mtss1, Kcnq1ot, D17Ertd165e, Dzip1, and D2Ertd105e) and three genes (Hpgd, Cx3cr1, and Gls) was decreased at 4 and 12 h, respectively, with no genes down-regulated at both time points. The expression of two genes (Gls and Hpgd) was down-regulated in both WT and IRF9 KO MGCs following treatment with IFN-␣, irrespective of the time (Fig.  3C ). The expression of 27 transcripts that was down-regulated in WT MGCs and/or MGCs that lacked either STAT2 or IRF9 is shown in Fig. 3D . Overall, these findings indicated that in contrast to ISGs, the number of genes whose expression was down-regulated in MGCs in response to IFN-␣ was considerably less and was dependent on STAT1.
Functional annotation of ISGF3-independent ISGs in MGCs-
The Ingenuity pathway analysis (IPA) tool (Ingenuity Systems, Redwood City, CA) was used to cluster genes according to their biological processes. The 95 IFN-␣-stimulated, ISGF3-independent ISGs were clustered into a number of functional groups, including IFN signaling, antigen presentation, activation of IRFs by cytosolic pattern recognition receptors, retinoic acidmediated apoptosis, protein ubiquitination, and pattern recognition receptor recognition of bacteria and viruses (Table 3) . Similarly, the 188 ISGF3-dependent gene transcripts whose 
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expression was increased only in WT cells also belonged to these functional groups. Hence, these results implied that ISGF3-independent IFN-I signaling pathways could generate, in part, the classical IFN-␣ response, especially related to antiviral actions.
The IPA tool was also used to identify potential upstream regulators of these genes. Analysis of the ISGF3-independent ISGs indicated that besides STAT1, STAT2, and IRF9, other transcription factors, including IRF1, IRF2, IRF3, IRF7, STAT3, STAT4, STAT6, NFB, and ERK1/2, might participate in the regulation of a subset of the 95 genes (Table 4 ). In addition, the type II IFN, IFN-␥, triggers the activation and formation of a STAT1 homodimer, called the IFN-␥-activated transcription factor (GAF), which recognizes the IFN-␥-activated sequence (GAS) element present in the promoter region of IFN-␥-regulated genes. The IPA analysis revealed that the expression of Gbp2, Gbp4, Gbp6, and Cd274 that were up-regulated in IFN-␣-treated cells that lack STAT2 or IRF9 and of Casp1, Casp4, Ccl4, Cmpk2, and Cxcl10 that were increased in IFN-␣-treated IRF9 KO cells can also be induced by IFN-␥. Thus, these results suggested a possible role for IFN-␣-mediated STAT1 homodimer formation in the absence of STAT2 or IRF9. Taken together, IPA analysis suggested the possibility of other signaling molecules, such as IRFs and other STATs, in regulating the expression of ISGF3-independent genes; however, the microarray results indicated that functionally, STAT1, STAT2, or IRF9 are the major signaling factors involved in the non-canonical IFN-I signaling because only a small number of ISGs were induced in all three IFN-I signaling-deficient cells.
The induction of 37 ISGs was found only in the absence of IRF9, demonstrating a unique response to IFN-␣ in IRF9-deficient MGCs. According to the IPA analysis, 20 of these 37 genes MGCs were treated with IFN-␣ (1000 units/ml) for the times shown, and RNA was isolated as described under "Experimental Procedures." Purified RNA was processed and interrogated with Affymetrix Mouse Genome 430 2.0 arrays, and data analysis was performed as described under "Experimental Procedures." Heat maps were generated by hierarchical gene clustering using Multi Experimental Viewer (32). Each individual gene expression level was normalized as described under "Experimental Procedures" and plotted on a log2 scale, with blue representing low expression and yellow representing high expression.
Socs3, Tnfaip2, and Zfp36) were identified as being inducible by IFN-␥. Also, transcription factors, such as the NFB complex, STAT1, STAT3, STAT5A, and STAT6, were identified by the IPA to potentially regulate the expression of some of these genes (Table 5 ). In addition, the Genomatix analysis showed that most of the remaining genes (Ggct, Gatm, Gpr84, Clec7a, G530611006Rik, Hk3, Nfil3, Osmr, Snx10, Tgm2, and Tmem173) that were not classified as IFN-␥-regulated genes by IPA had GAS elements in their promoters. Furthermore, this unique subset of genes whose expression was only increased in the 
Confirmation of microarray findings in IFN-␣-treated MGCs-
To validate the microarray results, the expression of a subset of IFN-␣-regulated ISGF3-independent genes in MGCs was analyzed further by an RNase protection assay (RPA) (Fig. 5 ). For this analysis, genes were selected from the DNA microarray data that showed the most robust changes in expression in the absence of STAT1, STAT2, or IRF9 following IFN-␣ treatment.
In WT MGCs treated with IFN-␣ for 4 h, ISGs involved in transcription (Stat1, Stat2, Irf9, and Irf7), GTPase activity (Gbp6, Ifi47, and Iigp1), antiviral response (Oasl2 and Zbp1), negative regulation of IFN signaling (Socs1 and Socs3), and other functional gene groups (Rtp4 and Cd69) were increased significantly or induced (Fig. 5) . The expression of all of these genes except Socs3 was sustained after 12 h of IFN-␣ treatment. In STAT1 KO cells, the expression of four genes (Stat2, Gbp6, Oasl2, and Rtp4) was significantly increased after 4 h of IFN-␣ treatment and increased further after 12 h of treatment, whereas the expression of an additional five genes (Irf7, Irf9, Ifi47, Zbp1, and Igp1) was significantly increased following 12 h of IFN-␣ treatment only (Fig. 5) . In the STAT2 KO cells, the expression of Ifi47 and Socs3 was significantly increased at 4 h and further increased (Ifi47) or sustained (Socs3) after 12 h, whereas the expression of Stat1, Gbp6, Oasl2, Rtp4, Zbp1, Iigp, and Socs1 was increased significantly following 12 h of treatment only (Fig. 5) . In the IRF9 KO cells, Stat1, Stat2, Gbp6, Ifi4, Zbp1, and Socs3 were significantly increased at 4 h, and this was FIGURE 5 . Confirmation of microarray data for selected genes whose expression increased in MGCs from STAT1, STAT2, or IRF9 KO mice in response to IFN-␣. MGCs were treated with IFN-␣ (1000 units/ml) for the times shown, and RNA was isolated as described under "Experimental Procedures." Purified RNA (10 g/sample) was analyzed by RPA. Quantification of the autoradiographs was performed by densitometry using NIH Image software (version 1.47). Values were normalized to the housekeeping gene L32 and shown as mean Ϯ S.E., n ϭ 3 biological replicates. *, p Ͻ 0.05, compared with untreated sample by Mann-Whitney U test. sustained (Stat2 and Socs3) or further increased (Stat1, Gbp6, Ifi47, and Zbp1) with longer treatment (Fig. 5) . All of the remaining genes (Cd69, Oasl2, Rtp4, Iigp1, and Socs1) that were increased in the WT cells were also significantly up-regulated in the IRF9 KO cells only after 12 h of treatment (Fig. 5 ). Of note, the tumor suppressor gene Cdh1 and the IFN-␥-regulated transcription factor, Irf8, were significantly induced in the absence of IRF9 only after exposure to IFN-␣ at 4 and 12 h. Overall, the changes in the mRNA levels for the ISGs determined by microarray analysis were paralleled by the RPA findings, thus validating the microarray data. New protein synthesis was required for ISG expression at 12 h in STAT1 KO MGCs-We asked next whether the delayed ISG response in the IFN-I signaling mutant MGCs reflected a requirement for the accumulation of active transcription factors. MGCs isolated from WT and STAT1 KO mice were treated with IFN-␣ for 4 and 12 h in the presence or absence of the protein translation inhibitor cycloheximide (CHX), and the expression of three STAT1-independent ISGs, Oasl2, Rtp4, and Iigp1, was examined. In WT MGCs, IFN-␣ stimulated the expression of these genes at 4 h, whereas the expression of the Rtp4 and Iigp1 genes was decreased, and the expression of Oasl2 was sustained at 12 h (Fig. 6 ). In the case of all three ISGs, in the presence of CHX, the level of expression was significantly higher at 4 h and further increased at 12 h after IFN-␣ treatment compared with non-CHX-treated WT MGCs. In STAT1-deficient MGCs, the expression of the Rtp4 and Oasl2 genes was induced at 4 h and further increased significantly at 12 h following IFN-␣ treatment, whereas expression of the Iigp gene was only induced at 12 h (Fig. 6) . In these cells, treatment with CHX had little effect on the increased expression of the Rtp4 and Oasl2 genes at 4 h of treatment but blocked the further increase in expression at 12 h. In addition, CHX treatment abolished the induction of the Iigp gene at 12 h. These results suggested that the induction of Oasl2 and Rtp4 gene expression at 4 h in non-CHX-treated STAT1 KO cells is dependent on preexisting transcription factors, but the further increase in expression of Oasl2 and Rtp4 and the induction of Iigp1 at 12 h in these cells is dependent on new protein synthesis.
Evidence of signal transduction molecule activation in IFN-␣-treated MGCs-The microarray results indicated that ISGF3-independent ISG expression involved primarily STAT1, STAT2, and/or IRF9, whereas IPA analysis revealed the possibility that other transcription factors may also regulate ISGF3-independent gene expression in response to IFN-␣. Therefore, we next investigated the activation of some candidate signal transduction pathway molecules in the IRG response at different times. Whereas the basal levels of STAT1 or STAT2 were lower in the absence of STAT2 and IRF9 or STAT1 and IRF9, respectively, STAT3 and ERK1/2 levels were comparable across all of the genotypes (Fig. 7) . Following IFN-␣ treatment, WT MGCs responded with a transient increase in pY-STAT1, pY-STAT2, pY-STAT3, and pT/Y-ERK1/2 at 0.3 h that decreased to almost basal levels by 12 h, whereas pS-STAT1 was prolonged and increased to similar levels at 0.3 and 12 h. Total STAT1 and STAT2 but not STAT3 or ERK1/2 were increased at 12 h post-treatment. Compared with similarly treated WT, IFN-␣-treated STAT1 KO MGCs responded with a progressive increase in pY-STAT2 and STAT2; however, the overall levels were lower (Fig. 7) . The level of pY-STAT3 also increased and peaked at 0.3 h before declining slightly at 12 h in STAT1 KO MGCs, whereas activation of pT/Y-ERK1/2 was similar to that in WT MGCs. Following IFN-␣ treatment of STAT2 KO cells, pY-STAT1 and pS-STAT1 increased to similar levels at 0.3 and 12 h, whereas a more prolonged increase in pY-STAT3 and pT/Y-ERK1/2 was seen (Fig. 7) . In IRF9 KO cells, IFN-␣ stimulated a prolonged increase in pY-STAT1, pS-STAT1, pY-STAT2, and pY-STAT3 from 0.3 to 12 h, whereas pT/Y-ERK1/2 increased at 0.3 h but decreased back to untreated levels by 12 h (Fig. 7) . In addition, both STAT1 and STAT2 levels were increased at 12 h following treatment. In summary, these results indicated that, similar to WT MGCs, IFN-␣ treatment induced the phosphorylation of STAT1 (in STAT2-and IRF9-deficient MGCs), STAT2 (in STAT1-and IRF9-deficient MGCs), STAT3 (in STAT1-, STAT2-, and IRF9-deficient MGCs), and ERK1/2 (in STAT1-, STAT2-, and IRF9-deficient MGCs) in IFN-I-signaling mutant MGCs. However, with the exception of pS-STAT1 that showed kinetics similar to that of WT, the kinetics of this response was altered in the IFN-I signaling mutant MGCs, being more prolonged and increasing with time.
Confirmation of ISG expression in the brain of GFAP-IFN␣ mice-To investigate the significance of the microarray data further and the extent to which selected IRGs were regulated by FIGURE 6 . Effect of cycloheximide on ISGs in WT and STAT1 KO MGCs. MGCs isolated from WT and STAT1 KO mice were treated with IFN-␣ (1000 units/ml) for 4 and 12 h in the presence or absence of CHX (10 g/ml), and RNA was isolated as described under "Experimental Procedures." The expression of three STAT1-independent ISGs, Oasl2, Rtp4, and Iigp1, was examined on purified RNA by RPA. Quantification of the autoradiographs was performed by densitometry. Values were normalized to the housekeeping gene L32 and shown as mean Ϯ S.E., n ϭ 3 biological replicates. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 compared with untreated sample by one-way analysis of variance.
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IFN-␣ in vivo, RNA from the brain of GFAP-IFN␣ mice and of GFAP-IFN␣ mice that lacked either STAT1 or IRF9 was analyzed. Due to the early mortality and tumor phenotype of GFAP-IFN␣ ϫ STAT2 KO mice (24), these animals were not included in this study. Similar to IFN-␣-treated WT MGCs, Irf7, Irf9, Stat1, Stat2, Cd69, Gbp6, Ifi47, Oasl2, Rtp4, Zbp1, and Iigp1 mRNA levels were all increased significantly in the brain of GFAP-IFN␣ mice. Although Cdh1 mRNA was not increased in IFN-␣-treated WT MGCs, the level of this transcript was increased significantly in the brain of GFAP-IFN␣ mice (Fig. 8) . In the brain of GFAP-IFN␣ ϫ STAT1 KO mice, Irf7, Gbp6, Ifi47, Oasl2, Rtp4, Zbp1, and Iigp1 mRNAs were increased significantly, whereas Stat2 mRNA, which was increased in IFN-␣-treated STAT1-deficient MGCs, was not altered in the brain of GFAP-IFN␣ ϫ STAT1 KO mice (Fig. 8) . With the exception of Irf7 and Zbp1 mRNAs that were increased to similar or higher levels, the level of expression of the remaining ISGs was lower in GFAP-IFN␣ ϫ STAT1 KO mice compared with GFAP-IFN␣ mice. Genes that were upregulated in the IFN-␣-treated IRF9 KO MGCs (Irf8, Stat1, Stat2, Cd69, Gbp6, Cdh1, Ifi47, Oasl2, Rtp4, Zbp1, and Iigp1) were also significantly up-regulated to high levels in the GFAP-IFN␣ mice that lacked IRF9 (Fig. 8) . Moreover, Irf8 mRNA was significantly increased in the brain of GFAP-IFN␣ mice lacking IRF9 but was not increased in the brain of GFAP-IFN␣ or GFAP-IFN␣ ϫ STAT1 KO mice. Conversely, Irf7 mRNA, which was significantly up-regulated in the brain of GFAP-IFN␣ mice and GFAP-IFN␣ ϫ STAT1 KO mice, was not increased in the brain of GFAP-IFN␣ ϫ IRF9 KO mice. Of note, Irf8, Cd69, Gbp6, Cdh1, Ifi47, Zbp1, and Iigp1 mRNAs were significantly higher in the GFAP-IFN␣ ϫ IRF9 mice than in GFAP-IFN␣ mice. In summary, there was good concordance between the in vitro findings in the WT and mutant MGCs when compared with brain from the GFAP-IFN␣ mice and GFAP-IFN␣ mice lacking the canonical IFN-I-signaling factors STAT1 or IRF9.
Discussion
Here we examined the role of ISGF3-independent IFN-I signaling in regulating the global transcriptional changes in MGCs missing each ISGF3 factor. Interestingly, the basal expression of a subset of genes in MGCs was regulated by STAT1, STAT2, and IRF9 in the absence of IFN-I treatment and without detectable phosphorylation of STAT1 and STAT2. These findings are in accordance with previous reports that unphosphorylated STAT1 (30 -32) and STAT2 (11, 33) direct the constitutive expression of some genes in different cell types, which is probably driven by the constitutive nucleo-cytoplasmic shuttling of unphosphorylated STAT1 (34) and STAT2 in combination with IRF9 (35) . In addition, a large number of putative STAT1 KO, GFAP-IFN␣ STAT1 KO, IRF9 KO, and GFAP-IFN-␣ IRF9 KO mice. Mice (2 months old) were anesthetized, the brains were immediately removed, and total RNA was isolated. Purified RNA (10 g/sample) was analyzed by RPA. Quantification of the autoradiographs was performed by densitometry. Values were normalized to the housekeeping gene L32 and shown as mean Ϯ S.E., n ϭ 3 biological replicates. *, p Ͻ 0.05, compared with untreated sample by Mann-Whitney U test.
DNA binding regions were identified in unstimulated HeLa S3 cells (36) , whereas a high number of ISG promoters were shown to be occupied by unphosphorylated STAT2 (37) . Of the genes constitutively expressed in untreated MGCs, 43% were common to MGCs lacking each ISGF3 factor, and according to the INTERFEROME database (29) , the majority of these genes were identified as ISGs. This suggests that under basal conditions, the expression of this subset of genes is controlled by tonic ISGF3/ISRE signaling. In addition to these changes in ISG transcripts, we observed that the levels of the STAT1 and STAT2 proteins were reduced in untreated IFN-I signalingdeficient MGCs compared with WT cells. These findings are congruent with those of a previous report that found that STAT1 levels are significantly reduced in primary MEFs lacking the IFNAR (38) , whereas the absence of STAT2 in murine macrophages also is associated with reduced levels of STAT1 (33) and indicates that IFN-I-mediated, ISGF3-dependent signaling is required for homeostatic maintenance of basal levels of the canonical signaling molecules. In support of this conclusion, under basal conditions, extremely low levels of constitutively produced IFN-␤ maintain the optimum expression levels of the ISGF3 factors (39) . Moreover, a recent study also showed that ISG promoters that are sensitive to tonic IFN-I signaling have high binding affinity for STAT1 and STAT2 (40) . Nevertheless, whereas it is possible that such tonic signaling is regulated by constitutive low levels of IFN-I produced by MGCs, this remains to be confirmed in these cells.
Our studies also identified a second subset of genes that were down-regulated in untreated IFN-I signaling-deficient MGCs that, in contrast to those up-regulated and despite a number of these genes being categorized as classical IRGs, showed no dependence on all three ISGF3 factors. The majority of these down-regulated genes were dependent on STAT1 alone, highlighting an ISGF3-independent role for STAT1 in repressing specific genes under basal conditions in MGCs. Interestingly, three transcripts that were significantly up-regulated in untreated STAT1-deficient MGCs belonged to endogenous retroviruses, suggesting that STAT1 may have a unique role in repressing the expression of certain endogenous retroviral genes. Although a possible role for STAT1 in the cellular defense against activation of endogenous retroviral genes has not been reported previously, a strong association was reported between murine leukemia virus integration sites and STAT1 binding sites in IFN-␥-stimulated HeLa cells (41) .
Whereas the expression of most IRGs in MGCs relied on the canonical ISGF3 signaling pathway, IFN-␣ regulated the expression of a subset of genes independently of STAT1, STAT2, or IRF9, indicating the involvement of non-canonical IFN-I signaling pathways in regulating gene transcriptional output in these cells. Overall, this response in WT and IFN-I signaling-deficient MGCs was overwhelmingly dominated by ISGs, with the expression of relatively few genes being downregulated by IFN-␣. However, the relative level of expression of many of these ISGs in the IFN-I signaling-deficient MGCs was significantly lower than in WT MGCs. This indicates that ISGF3-independent signaling could only partially compensate for the lack of these signaling factors and that the optimal expression of ISGs requires the canonical ISGF3 complex. Furthermore, both the number and level of expression of ISGs were significantly higher in IRF9-deficient MGCs than in cells that lacked STAT1 or STAT2. Therefore, the findings suggest that non-canonical IFN-I signaling was primarily dependent on STAT1 and STAT2 and, to a lesser extent, on IRF9.
In addition to the canonical JAK/STAT signaling pathway, there is evidence that various other signaling pathways, such as the MAPK pathway, can mediate some actions of IFN-I (7, 8) . However, our findings point to a dominant role of STAT1, STAT2, and IRF9 in the non-canonical IFN-I signaling pathways in MGCs. Although we did not investigate directly the nature of the signaling complexes involved, this suggests that signaling in the IFN-I signaling-deficient MGCs in response to IFN-␣ is mediated predominantly by the remaining ISGF3 factors in these cells. STAT2 has a transactivation domain, but it binds DNA poorly (6, 42), whereas STAT1 and IRF9 appear to be critical for DNA binding and sequence recognition specificity of the ISGF3 complex (6, 43) . Previous studies indicated that IFN-␣ can induce the formation of STAT1 homodimers (44, 45) and STAT1/STAT2 heterodimers (45) (46) (47) . Our data suggested that STAT1 homodimers might regulate gene expression in the absence of STAT2 or IRF9, STAT1-STAT2 heterodimers in the absence of IRF9, and STAT2-IRF9 complexes in the absence of STAT1. A significant regulatory role of the STAT2-IRF9 complex in the absence of STAT1 has been demonstrated in responses to IFN-␣ in various cell types (14, 18 -20) . In addition, recent studies have demonstrated that STAT2-IRF9 complexes are able to modulate a subset of IRG expression in the absence of STAT1 (18, 19) . Finally, STAT2 forms homodimers or heterodimers with STAT6 in response to IFN-␣, and these dimers can bind with IRF9 (6, 20, 48, 49) . Similar to STAT2, STAT1 homodimers are capable of interacting with IRF9, and this complex can bind to the ISRE in the promoter region of IRGs (43) . Therefore, in the absence of one of the ISGF3 molecules, the remaining ISGF3 molecules can form non-canonical signaling complexes to regulate ISGF3-independent gene expression. However, in the context of the present study, the exact composition of these non-canonical complexes and the specific promoter sequences that these complexes bind requires further investigation.
The exceptional role of IRF9 in non-canonical IFN-I signaling was further highlighted by the fact that the expression of 37 ISGs occurred in IRF9-deficient MGCs only. Bioinformatics and promoter analysis categorized these ISGs as being induced by IFN-␥ and with STAT1 homodimer and/or STAT1-STAT2 heterodimer binding GAS elements in their promoter regions, suggesting there is an IFN-␥-like response in IFN-␣-treated, IRF9-deficient MGCs. Consistent with this, the activation of gene expression by IFN-␣ in MGCs lacking IRF9 correlated with the robust and prolonged phosphorylation of STAT1 and STAT2. Moreover, previous studies in human U2A fibrosarcoma cells deficient in IRF9 established that IFN-␣ can stimulate STAT1 homodimer and STAT1-STAT2 heterodimer formation, which can bind to the GAS element to activate transcription of genes such as IRF1 (45) . It has previously been reported by us (25) that GFAP-IFN␣ mice deficient for IRF9 develop a severe neurological disease associated with a pronounced IFN-␥-like response. Our findings here further extend ISGF3-independent, type I interferon-regulated gene expression our understanding of the possible basis for this phenotype and suggest that in the absence of IRF9, STAT1 homodimers and/or STAT1-STAT2 heterodimers activate a subset of genes to drive an IFN-␥-like response in glial cells in the brain.
The dynamics of the ISG response to IFN-␣ in IFN-I signaling-deficient MGCs differed from that of WT MGCs, with the expression of a subset of ISGs being induced early and increased further with time, whereas the induction of a second subset of ISGs was identified that exhibited a late or delayed induction. Comparable delayed and/or prolonged kinetics of gene expression in response to IFN-I was observed in STAT1-and STAT2-deficient murine macrophages (18, 33) and in human U3A fibrosarcoma cells and MEFs lacking STAT1 ectopically expressing STAT2 (19) . Our study now extends these previous findings in showing that MGCs lacking either STAT1, STAT2, or IRF9 respond to IFN-␣ with similar delayed and prolonged ISG expression. Further analysis of the regulation of the response to IFN-␣ in STAT1-deficient MGCs employing CHX revealed that the early induction of ISGs was dependent on preexisting endogenous factors, whereas the additional increase in the expression of these genes as well as the delayed induction of new ISGs was dependent on ongoing protein synthesis. One possible explanation for these observations is that the absence of a homeostatic positive feedback loop via ISGF3 signaling in STAT1 KO cells results in suboptimal production of STAT2 and IRF9. Following IFN-␣ treatment, activation of STAT2 and IRF9 induces a subset of sensitive early response ISGs and also increases feed-forward production of STAT2 and IRF9, which in turn further stimulates increased expression of these early response ISGs as well as reaching a threshold required for the induction of additional ISGs. In support of this idea, we noted that STAT2 mRNA and IRF9 mRNA as well as STAT2 protein were reduced in untreated STAT1-deficient MGCs but progressively increased to significantly higher levels following treatment with IFN-␣. The forced overproduction of STAT2 in STAT1-deficient U3A fibrosarcoma cells greatly enhances the level and number of ISGs in response to IFN-I (19), providing additional evidence that complementation of the endogenous ISGF3 factor levels can augment the IFN-I response in IFN-I signaling-deficient cells. In addition to limiting levels of the individual ISGF3 factors in the IFN-I signaling-deficient MGCs, loss of negative feedback regulation via SOCS1 may also contribute to the prolonged and increased expression of ISGs in these cells in response to IFN-␣ (as discussed further below).
To explore further the possible mechanisms that might underlie the response of MGCs to IFN-I in the absence of canonical ISGF3 signaling, the level and activation of some key signal transduction proteins were investigated. WT MGCs showed transient STAT1 and STAT2 tyrosine phosphorylation in response to IFN-␣, whereas this was increased progressively in the signaling-deficient cells. This pattern of STAT1 and STAT2 activation paralleled the kinetics of IRG gene expression in which the majority of IRGs were transiently altered in expression in WT cells but progressively increased or showed delayed expression in the IFN-I signaling-deficient cells. A similarly prolonged activation of STAT1 and STAT2 by IFN-␣ was seen in murine BMM cells lacking STAT1 or STAT2 (18, 33) . This could be due to the loss of the SOCS1 negative regulatory response because there was a delayed and small increase in Socs1 gene expression in MGCs lacking STAT2 or IRF9 and no increase in Socs1 gene expression in STAT1-deficient MGCs. The importance of this SOCS1 negative regulatory loop was further highlighted by Zhao et al. (33) , who reported that IFN-I-induced Socs1 gene expression is impaired in STAT2-deficient murine macrophages, which was associated with prolonged and increased activation of STAT1 that could be abrogated by ectopic expression of SOCS1 in these cells. Thus, the prolonged activation of STAT1 and STAT2 in signalingdeficient MGCs might be due, in part, to the lack of effective negative-feedback regulation by SOCS1. Interestingly, and in contrast to STAT1 tyrosine phosphorylation, the kinetics and level of activation of STAT1 serine phosphorylation in response to IFN-␣ was comparable in WT and the STAT2 and IRF9 signaling-deficient cells, suggesting that the positive regulatory pathway controlling this process is independent of ISGF3 signaling.
To investigate the relevance of the in vitro findings in vivo, the expression of selected IFN-I-regulated, ISGF3-independent genes was investigated in the brain of GFAP-IFN␣ transgenic mice lacking either STAT1 or IRF9. Overall, changes in ISG expression in the IFN-␣-treated MGCs exhibited parallel changes in the brain of GFAP-IFN␣ mice and GFAP-IFN␣ mice that lacked STAT1 or IRF9 and were generally higher in the absence of IRF9 versus STAT1. Although we did not determine the identity of the responder cells in the brain of the GFAP-IFN␣ mice, the concordance of the ISG changes indicates that the findings obtained with the MGCs were not peculiar to the in vitro culture of these cells. Furthermore, these findings also strongly suggested that non-canonical IFN-I signaling and subsequent IFN-provoked responses by astrocytes and microglia may be a major contributing factor to the exacerbated disease phenotype observed in GFAP-IFN␣ mice that lack STAT1 or IRF9.
In addition to the biological significance of non-canonical IFN-I signaling in mediating the severe disease phenotypes in GFAP-IFN␣ transgenic mice (23) (24) (25) , our findings provide further insights into the possible biological functions of the noncanonical IFN-I signaling pathways that will be of interest to elucidate further in future work. The in silico IPA analysis revealed that a large majority of ISGF3-independent ISGs are associated with antiviral functions, antigen presentation processes, apoptosis, and protein ubiquitination, suggesting an underlying mechanism for IFN-I-mediated biological responses, particularly in relation to host defense, independent of STAT1, STAT2, or IRF9. In line with this and despite the fact that when compared with WT mice, STAT1-deficient mice are more susceptible to virus infection, these mice show greater resistance to infection with some viruses than mice deficient for the IFNAR or lacking the combination of STAT1 and STAT2 (12, 14, 50) . Both measles virus and lymphocytic choriomeningitis virus subvert the host antiviral response via STAT2-dependent, STAT1-independent IFN-I signaling to interfere with dendritic cell development and expansion (51) . In addition to anti-viral processes, non-canonical IFN-I signaling can suppress the growth of intracellular bacteria in both STAT1-and ISGF3-independent, type I interferon-regulated gene expression STAT2-deficient murine macrophages but not in macrophages lacking both of these STATs (18) . However, in contrast to rodents, STAT1 is obligatory for antiviral protection in humans, where its deficiency is associated with lethal virus infection in infants (52) . Surprisingly, patients that are deficient for STAT2 (53) or the IFNAR (54) have very similar clinical phenotypes, being highly susceptible to systemic live attenuated virus vaccination but being able to manage the majority of common viral infections, having a relatively healthy life. These findings suggest that IFN-I have a much narrower role in antiviral defense in humans than was previously appreciated and that the more severe outcome in human STAT1 deficiency may result from compound impairment of the function of type I, II, and III IFNs, all of which signal via STAT1.
In summary, our findings demonstrate that IFN-␣ can regulate the expression of a subset of genes in MGCs in the absence of STAT1, STAT2, or IRF9 by activating ISGF3-independent signaling pathways. Our data indicate a more dominant requirement for STAT1 and STAT2 over IRF9 in non-canonical signaling elicited by IFN-␣, whereas alternative signaling factors that are co-activated, such as STAT3 and ERK1/2, appear to have only a minor role. In the absence of IRF9, IFN-␣ induced a unique IFN-␥-like response that is dependent on STAT1 and STAT2. However, the exact mechanism of how STAT1, STAT2, and IRF9 mediate non-canonical IFN-I signaling remains to be determined; notably, the type of alternative signaling complexes involved and the nature of the target DNA response elements to which these complexes bind remain enigmatic. In any event, the findings presented in this study shed new light on the role of STAT1, STAT2, and IRF9 in mediating non-canonical IFN-I signaling and advance our understanding of non-canonical IFN-I signaling in mediating biological responses, such as the adverse effects of IFN-I in the CNS of GFAP-IFN␣ mice and the antiviral actions of IFN-I previously observed in STAT1 and STAT2 KO mice.
Experimental Procedures
Animals-STAT1 KO mice (9) were provided originally by Dr. Joan Durbin (Nationwide Children's Hospital, Columbus, OH). STAT2 KO mice (11) were provided by Dr. Christian Schindler (Columbia University, New York). The IRF9 KO mice (55) were obtained from Riken Bioresource Center (Tsukuba, Japan). GFAP-IFN␣ mice generated as described previously (21) were maintained by heterozygous breeding. GFAP-IFN␣ ϫ STAT1 KO mice and GFAP-IFN␣ ϫ IRF9 KO mice were produced by interbreeding, and all genotypes were verified by PCR analysis of tail DNA. All mice used in this study were on the C57BL/6 background and maintained under specific pathogen-free conditions in the animal facility of the School of Molecular Bioscience, University of Sydney. Ethical approval for the use of all mice in this study was obtained from the University of Sydney Animal Ethics Committee.
Mixed glial cell culture and RNA extraction-MGCs were prepared from 2-4-day-old mice. Brains were removed and placed in modified Eagle's medium (MEM) containing 25 mM HEPES (all from Life Technologies, Mulgrave, Australia). After removal of the meninges, cerebral cortices from 5-6 brains were combined, chopped using a sterile razor blade, and incubated with 1 ml of sterile-filtered papain solution (1 mg/ml papain suspension (Worthington), 240 g/ml L-cysteine (Sigma-Aldrich, Castle Hill, Australia), and 1140 units of DNase I type IV (Sigma-Aldrich) in 1 ml of MEM-HEPES) at 37°C for 1 h. Supernatant was removed, and the tissue was washed in 1 ml of DF medium consisting of Dulbecco's modified Eagle's medium high glucose with L-glutamine (Life Technologies), 10% (v/v) fetal bovine serum (Thermo Fisher Scientific, Scoresby, Australia), 100 units/ml penicillin (Life Technologies), and 10 g/ml streptomycin (Life Technologies). Tissue was then triturated through a 1-ml pipette tip until a homogeneous suspension was obtained. Cells were pelleted by centrifugation at 120 ϫ g for 5 min and resuspended in DF medium (0.5 ml/brain). The cell suspension was then added to poly-Dlysine (Sigma-Aldrich)-coated 75-cm 2 cell culture flasks (BD, North Ryde, Australia) containing DF medium. Cells were maintained at 37°C in an atmosphere of 5% CO 2 , with medium being changed every 3 days. Once confluent, cells were trypsinized and split at a ratio of 1:6 in poly-D-lysine-coated 75-cm 2 flasks. These cultures consisted of ϳ95-98% astrocytes and 2-5% microglia as determined by flow cytometry using antibodies to GLAST1 (astrocytes) or CD11b (microglia) as described previously (56) . Although the percentage of microglia varied between individual cultures, we observed no significant differences in microglia yields between the various genotypes. Experiments were performed on cells after the first passage. For stimulation with IFN-␣, cells (ϳ90% confluent) were washed with DF medium and incubated with murine recombinant interferon (IFN)-␣1 (Sigma-Aldrich) at a final concentration of 1000 units/ml in DF medium at 37°C in an atmosphere of 5% CO 2 for 4 or 12 h, as indicated. Total RNA was extracted from MGCs using TRI reagent (Sigma-Aldrich) according to the manufacturer's instructions. The RNA was further purified using the RNeasy clean-up kit (Qiagen) according to the manufacturer's instructions.
Affymetrix GeneChip analysis-Affymetrix Mouse Genome 430 2.0 arrays (Affymetrix Inc., Santa Clara, CA), which detect more than 34,000 mouse transcripts, were used for this study. The cRNA preparation, hybridization, and scanning of the arrays was performed by the Ramaciotti Centre for Gene Function Analysis (University of New South Wales, Sydney, Australia). The microarray data are available from ArrayExpress, accession code E-MTAB-5445.
The normalized data were analyzed using an in-house developed data management tool, which facilitated cluster formation based on signal intensity, and the -fold change between any two arrays (57) . The background level of signal intensity (Ͻ50) was established through consideration of the mean fluorescence intensity levels of genes (Cd3d, Cd3e, Cd3g, Cd4, Cd8a, Cd8b1, Cd80, and Ifng) known not to be expressed in untreated MGCs. Expressed transcripts showing -fold changes of Ͼ2 were saved into clusters. The data management tool allowed the membership of any set of genes to be cross-compared by combining gene clusters with AND/OR/NOT style logic, illustrating the results through interactive Venn diagrams. The expression of selected genes was shown in a heat map that was generated by hierarchical gene clustering using Multi Experi-ISGF3-independent, type I interferon-regulated gene expression mental Viewer, which is part of the TM4 microarray software suite (Dana-Farber Cancer Institute, Boston, MA) (58) .
In silico functional and pathway analysis was performed using IPA software (Ingenuity Systems). The significance of the association between canonical pathways and the data set was measured 1) by Fischer's exact test to calculate a p value determining the probability that each pathway assigned to the data set is due to chance alone and 2) by the ratio of the number of genes from the data set that were involved in the pathways divided by the total number of genes that map to the pathways. Furthermore, the potential upstream regulators of one data set, which includes different types of stimuli and transcription factors, was identified by IPA. In parallel with IPA, the Database for Annotation, Visualization, and Integrated Discovery (DAVID) bioinformatics online database (LIB & DAVID Bioinformatics, Frederick, MD) was also employed to perform in silico functional and biological analysis (59, 60) .
The commercially available Genomatix software suite (Genomatix Co., Munich, Germany) was used to perform promoter analysis of the genes of interest. The tasks performed in this suite include the Gene2Promoter, for the extraction of the promoter sequence of the genes and the MatInspector, for identifying potential transcription factor binding sites in the promoter region. Furthermore, the INTERFEROME (version 1.01) online database was used to identify IRGs (29) .
RPA-The RPA was performed, and RNA levels were quantified from autoradiographs by densitometry using NIH Image software (version 1.47) as described previously (61) . The construction and characterization of the RPA probes for Irf7, Irf8, Stat1, and Stat2 were reported previously (28, 62) . The new RPA probes for Cdh1, Oasl2, Ifi47, Rtp4, Cd69, Gbp6, Zbp1, Trex1, Iigp1, and Mpa2l (Table 6) were synthesized by reverse transcription-PCR, cloned, and verified by sequencing analysis as described previously (63) .
Immunoblot analysis-MGCs were homogenized in 50 mM Tris-HCl, pH 7.4, containing 1% Nonidet-P40, 10% (v/v) glycerol, 1 mM EDTA, 1 mM DTT, protease inhibitor mixture set III (1:200; Calbiochem), and phosphatase inhibitor mixture set II (1:200; Calbiochem). Protein lysates were fractioned by SDS-PAGE using precast gradient gels (Invitrogen) and transferred to polyvinylidene difluoride (PVDF) membranes. All primary antibodies (pY701-STAT1, pS727-STAT1, pY705-STAT3, pT202/Y204-ERK1/2, ERK1/2, STAT1, STAT2, and STAT3 (Cell Signaling Technology) and P Y690 -STAT2 (Millipore)) were diluted at 1:1000 with the exception of ERK1/2 and GAPDH (Sigma-Aldrich), which were diluted 1:20,000. The relative protein levels were quantified from autoradiographs by densitometry using NIH Image software (version 1.42).
Statistical analysis-Statistical analyses of the different data sets are outlined in the figure legends.
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